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Abstract: The observation of GW150914 indicated a new independent measurement of the luminosity distance
of a gravitational wave event. In this paper, we constrain the anisotropy of the Universe by using gravitational
wave events. We simulate hundreds of events of binary neutron star merging that may be observed by Einstein
Telescope. Full simulation for producing process of gravitational wave data is employed. We find that 200 of binary
neutron star merging in redshift (0,1) observed by Einstein Telescope may constrain the anisotropy with an accuracy
comparable to the result from Union2.1 supernovae. This result shows that gravitational waves can be a powerful
tool in investigating the cosmological anisotropy.
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1 Introduction
The cosmological principle implies that the Universe is
homogeneous and isotropic on large scales. This assump-
tion has been verified by many observations, such as
the statistical properties of galaxies distribution [1] and
of the cosmic microwave background radiation from the
Wilkinson Microwave Anisotropy Probe (WMAP) [2, 3]
and Planck satellites [4–6]. Based on this principle,
Λ Cold Dark Matter model (ΛCDM) has been pro-
posed and it is in good agreement with many experi-
ments. However, some other observations indicate pos-
sible confliction with the cosmological principle, such as
the anisotropy of the cosmic microwave background radi-
ation spectrum [4, 5], inconsistency of the fine structure
constants in the observations of the north and south ce-
lestial spheres [7–10], and the anisotropy of distance red-
shift relationship given by type-Ia supernovae [11–13].
These observations strongly suggest that there may ex-
ist tiny anisotropy in the Universe. If the Universe is
really anisotropic, there should be a new physics beyond
the standard cosmological model.
It is a natural way to study cosmological anisotropy
by the relationship of luminosity distance and redshift.
The recently observed gravitational waves (GW) [14, 15]
provide us a new way of observing luminosity distances
independent of cosmological models. The GW is self-
calibrating. The luminosity distance of the GW source
can be obtained just from the GW signal. If the GW sig-
nal has an electromagnetic counterpart, the redshift of
the GW source can be measured by the electromagnetic
counterpart.
GW170817, a breakthrough in the history of GW ob-
servation, is a signal of a binary neutron star (BNS)
merging. Its electromagnetic counterparts showed the
source located at NGC4993 (z ∼ 0.01). The lu-
minosity distance is given by the GW signal [15].
aLIGO&Virgo collaborations used these data to con-
strain Hubble Constant and gave the result of H0 =
70.0+12.0−8.0 km s
−1 Mpc−1 [16]. It implies that the GW
is a very powerful tool in constraining cosmology param-
eters. In this paper, we study the possibility to constrain
the anisotropy of space-time by using the GW.
We notice that compared with the detectors expected
to be built later, aLIGO&Virgo is not a powerful one [17].
It can only detect the BNS merging event of about
z < 0.05 [18, 19]. Thus we consider the third generation
detector of GW, Einstein Telescope (ET) [20]. ET is a
GW detector still under conceiving, which will have three
arms at an angle of 60 degrees to each other, providing
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the ability to detect signals at z ∼ 1 for BNS merging
events, as a possible design [21]. The main purpose of
this paper is to investigate the possibility of constraining
the anisotropy of the Universe by using ET.
It should be noted that Fisher Matrix has been used
to constrain cosmological parameters [22–25]. There is
no doubt that Fisher Matrix is a powerful tool in reaching
parameters’ uncertainty of a model with future observa-
tions. It can give the lower limit of the uncertainty of
the model parameters. However the lower limit of the
uncertainty given by Fisher Matrix can only be achieved
when all system and instrumental errors are considered
and best data processing is used. In the actual GW de-
tection, data processing is very complicated. One can
not guarantee to get the lower limit of the uncertainty
given by Fisher Matrix. In this paper, we use a new way
to predict the uncertainty. We get the GW waveform
by simulating the BNS merging events, and use the GW
waveform and the noise of the GW detectors to obtain
simulated signals. Markov-Chain Monte-Carlo (MCMC)
is employed to infer the cosmological parameters from
these simulated signals. This procedure completely sim-
ulates the real GW signal processing. We will use the
results of Planck 2015 as fiducial parameters for the stan-
dard cosmology model [5]. Bilby [26] is employed as the
signal injection and parameter inference tool.
The rest of this paper is organized as follows. In
Section 2, we simulate GW signals and make parameter
inferences to obtain luminosity distance uncertainties. In
Section 3, We constrain the anisotropy of the Universe
by making use of the simulated GW. Section 4 is devoted
to concluding remarks.
2 Cosmological models and σdL ∼ dL
curve
Gravitational waves are fluctuations of space-time
metric. Standard Siren is a GW event that both GW and
corresponding electromagnetic signal are observed. The
observed GW170817 is such a BNS merging event [15].
The GW generated by the BNS merging event at in-
spiral stage can be roughly described by the post-Newton
(PN) approximation. Here we use the TaylorF2 model,
which is also currently used by aLIGO&Virgo [27]. The
TaylorF2 model is a purely analytic PN model. It in-
cludes point-particle and aligned-spin terms to 3.5PN
order as well as leading order (5PN) and next-to-leading-
order (6PN) tidal effects [28]. There are several parame-
ters in this model that affect the waveform of GW prop-
agating to earth: the masses, spins, tidal deformability
parameters of the two stars, the luminosity distance of
the source, the inclination angle between the two stars
angular momentum and our sight, the sky position of the
source, the time that GW propagates to geocentric, and
the initial phase and the polarization angle.
For the sake of convenience, here we take values for
the parameters:
- The mass of the two neutron stars is 1.4M. 1.4M
is a typical neutron star mass.
- We assume the neutron stars to be spinless. Be-
cause we usually consider that stars in a binary
system are old neutron stars. If the period of spin is
much larger than the period of revolution, the spin
effect can be ignored. Works suggest that radio ob-
servable pulsars in BNS have a distribution of spin
periods that extends down to about 15 ms [29–31].
- We assume that the angular momentum of the BNS
is in line with our line of sight. This is because the
electromagnetic radiation generated in the event of
the binary neutron star merger is along the direc-
tion of the orbital momentum. If the direction is
inconsistent with our line of sight, we will unable
to observe the electromagnetic signal [32].
- We assume that of the GW events are homoge-
neously distributed on the celestial sphere.
- The luminosity distance is described by the fiducial
ΛCDM.
- Assuming that the phase angle is homogeneously
distributed in (0, 2pi).
- The polarization angles are homogeneously dis-
tributed in (0,pi).
- Assuming a homogeneous distribution of arrival
times.
- The dimensionless tidal deformability parameter of
the two stars is dependent on the equation of state
of neutron star. However, this parameter has lit-
tle effect on our result. Referring to Figure 5 of
Ref. [15], we take 425 for both neutron stars.
We add the GW signal to the detector noise and
then employ MCMC to infer the parameters. In param-
eter inference, we fix the masses, spins, angular momen-
tum direction, sky position of the source (can be accu-
rately observed with electromagnetic signals) and tidal
deformability parameters. Only the remaining four pa-
rameters need to be inferred, i.e. (dL,φ,ϕ,t0), luminosity
distance, polarization angle, phase and arrival time. We
use Bilby [26] for simulation and parameter inference,
use dynesty∗ as the MCMC sampler and set npoints =
5000, dlogz = 0.01.
Ref. [21] showed that the horizon for BNS merging
event of ET is expected to reach redshifts of z ∼ 1. We
∗https://github.com/joshspeagle/dynesty
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choose 10 points in z = (0,1) with step size ∆z = 0.02.
For each z, we simulate 160 BNS merging events. In
each simulation, we use the standard cosmological model
to calculate the luminosity distance, homogeneously take
the direction (l, b), phase, polarization angle, arrival time
according to the method described in the previous sec-
tion. Then we employ MCMC to infer the luminosity dis-
tance, polarization angle, phase and arrival time. In pa-
rameters inferencing, we set the prior of dL distributing
uniformly in comoving volume from 0 to 5dLinject , where
dLinject is the injected luminosity distance. In the simula-
tion process, only “GW detectable” BNS events are con-
sidered. We deem BNS events “GW detectable” when
the network of ET has signal-to-noise ratio (SNR)> 8.
For a certain redshift z, we only use the inferred un-
certainty of dL. There is a center value and two un-
certainties dL
−σ−
dL
+σ+
dL
in the result. For convenience, we
combine them to
σ′dL =
√
(σ+dL)
2 +(σ−dL)
2
2
.
Thus we get 160(For high redshfit, due to some of their
SNR < 8, the number will be less than 160) σ′dL , the
average of the 160 σ′dL are
σ2dL =
1
1
160
∑160
i=1
(
1(
σ
′
dL
i
)2
) . (1)
We do the same procedure for all redshifts z, and a
σdL/dL ∼ dL curve is got. We use second-order polyno-
mials to fit the curve and obtain
σdL
dL
=−1.15×10−9d2L+2.53×10−5dL . (2)
The σdL/dL∼ dL curve is ploted in Fig. 1
Fig. 1. The fitting formula of σdL/dL as a func-
tion of redshift dL. The blue dots denote the re-
sults based on Monte Carlo sampling, while the
red solid curve denotes a fitting formula in Eq. (2).
3 Constraining on the Anisotropy
In this section, firstly we introduce the anisotropic
model of the cosmology. The anisotropic model possesses
more parameters than ΛCDM, one for anisotropic ampli-
tude and two for anisotropic direction. Then we use the
σdL/dL ∼ dL curve obtained in the previous section to
prospect the uncertainties of the anisotropy parameters
in the future.
The anisotropic model of cosmology can be described
as a simple dipole model of the distance modulus. It has
been discussed by Ref. [24, 35]. The distance modulus of
this model is of the form
µ=µΛCDM(1−dcosθ) , (3)
where
µ= 5log
dL
Mpc
+25 , (4)
and θ is the angle between the direction of space-time
anisotropy and the direction of the event. The direction
of space-time anisotropy can be parameterized as (l, b)
in the galactic coordinate system. d is the anisotropic
amplitude. µΛCDM is the distance modulus in fiducial
ΛCDM model. The fiducial parameters in this model
is given by the result of Union 2.1 [35], which are
d= 0.0012, l= 310.6◦, b=−13◦.
Next, we use the curve of Eq. (2) to simulate BNS
merging events to be observed by ET and infer the rele-
vant parameters (d, l,b) in the anisotropic model of cos-
mology. We do our simulation as follows. For example,
for the case of 100 observed BNS merging events:
1. The redshift of each event is referred according to
the event rate (z ∈ (0,1))[22, 24]. After taking the
time evolution of the burst rate into account, we
can write the event rate in this form,
P (z)∝ 4pid
2
C(z)R(z)
H(z)(1+z)
, (5)
where dC =
∫ z
0
1/H(z)dz is the comoving distance,
H(z) is the Hubble parameter. Here we set R(z) =
1+2z for z6 1,R(z) = (15−3z)/4 for 1<z < 5, and
R(z) = 0 otherwise . We multiply this event rate
by the observed probability as the new event rate.
The observed probability is gotten from a simu-
lation of 10000 events at every point of redshift.
We deem BNS events “GW detectable” when the
network of ET has SNR> 8.
2. We take the sky positions from a homogeneously
distribution on the celestial sphere.
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3. We use fiducial ΛCDM to calculate the luminosity
distances.
4. The distance modulus are given by Eq. (4).
5. We use Eq. (3) to calculate the anisotropic distance
modulus µdiople.
6. By making use of the σdL/dL∼ dL curve, we obtain
the uncertainties of the luminosity distances.
7. The uncertainties of anisotropic distance modulus
can be gotten from
σµ =
5σdL
ln10dL
. (6)
8. We re-sample the every distance modulus from
Gaussion distribution µsim∼G(µdiople,σµ)
9. By making use of {(ra,dec),µsim,µΛCDM,σµ}, we
constrain the anisotropic parameters.
In this way, we get 100 sets of data. Each set contains
five quantities: µΛCDM, l
′, b′,µ, and σµ. Then these 100
sets of data could be used to fit the anisotropic model
using the least-χ2 method. The center values of (d, l,b)
and uncertainties should be obtained.
We repeat the above procedures 800 times, and then
calculate the average of uncertainties of (d, l,b). For the
cases of 200, 300, ..., and 1000 BNS merging events, the
calculation method is the same as the case of 100 BNS
merging events. Our results are presented in Fig. 2 to
Fig. 5.
Fig. 2. The relationship between the number
of BNS merging events observed by ET and the
anisotropic amplitude. The uncertainty of the
amplitudes are also plotted.
Fig. 2 shows the relationship between the number of
BNS merging events observed by ET and the inferred
anisotropic amplitude. The uncertainties of the ampli-
tudes are also plotted. The horizontal axis is the number
of BNS merging events assumed to be observed. The ver-
tical axis is the inferred amplitudes of anisotropic param-
eter d and their uncertainties. It can be seen that when
the number of BNS merging events observed increase, the
uncertainty of the inferred amplitude becomes smaller.
When 200 BNS merging events are observed in redshift
(0,1) by ET, the determination of the amplitude d will
be able to achieve the accuracy of Union2.1 [35]. When
the number of BNS merging events becomes larger, the
incline of uncertainty reduction is gentle.
Fig. 3. The average 1σ confidence region in the
(l, b) plane for different number of GW events
observed by ET. The 1σ confidence region of
Union2.1 is also plotted for comparison.
Fig. 3 shows the average 1σ confidence region in the
(l, b) plane for different number of GW events observed
by ET. The 1σ confidence region of Union2.1 is also plot-
ted for comparison. The different colour ellipses rep-
resent the anisotropic direction inferred with different
number of GW events. It can be seen that the inferred
direction becomes more and more accurate as the num-
ber of observed BNS merging events increases. When
BNS merging events observed by ET reaches 400, the
determination of the anisotropic direction will be able to
achieve the accuracy of Union2.1 [35].
Fig. 4. Probability density map of the anisotropic
amplitude inferred from 1000 simulated BNS
merging events observed by ET.
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Fig. 4 shows the probability density map of the
anisotropic amplitude inferred from 1000 simulated BNS
merging events observed by ET. The distributions can
be fitted by Gaussian function centering at 1.21×10−3,
with the standard deviation σd = 0.16×10−3. This im-
plies that the fiducial dipole amplitude can be correctly
reproduced with ∼ 1000 GW events
Fig. 5. The distribution of preferred directions in
800 simulations with 1000 GW events observed
by ET in each simulation. The red error ellipse is
the 1σ confidence region of Union2.1.
Fig. 5 shows the distribution of preferred directions
in 800 simulations with 1000 GW events observed by
ET in each simulation. The red error ellipse is the 1σ
confidence region of Union2.1. The percentage of points
within the red circle is 79.2% in Fig. 5 .
4 Discussion
We used a new method to constrain anisotropy of
space-time by using GW. Unlike the Fisher Matrix
method, we simulated the process of extracting GW pa-
rameters from GW signals. By making use of GW de-
tectors ET, we constrained the anisotropy of space-time.
200 BNS merging events in redshift (0,1) observed by
ET guarantee the accuracy of the constrained amplitude
of the anisotropy of space-time as that from Union2.1.
There are still some issues needed further discussions.
Weak lensing effect has not been considered in our anal-
ysis, because we don’t know how weak lensing affect the
waveform of GW. Although Planck 2018 result has been
released [6], it is expected that the result obtained from
Planck 2015 is very close to that from Planck 2018.
In the future, we should not infer only the four
parameters but also try to include the angle of angu-
lar momentum of our line of sight, ι, by using BNS
merging events. Studies have shown that [32], when
−20◦ < ι < 20◦, one will also be able to see the elec-
tromagnetic signal.
We are greatly appreciate Yong Zhou for useful dis-
cussions.
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